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We determined the gas-phase acidity of methylthioacetic acid (MTA) in a triple-quadrupole mass
spectrometer using the Cooks’ kinetic method with the consideration of entropy effects. The
negatively charged proton-bound dimers were generated by electrospray ionization. Collision-
induced dissociation was applied to the dimer ions and the product ion ratios were measured at
four different collision energies. The gas-phase acidity (Hacid) of MTA was determined to be 340.0
 1.7 kcal/mol using the extended kinetic method and 339.8  1.7 kcal/mol using the standard
kinetic method. The entropy term is insignificant in this case and can be ignored. The standard
kinetic method yielded a free energy of deprotonation of MTA (Gacid) of 333.0  1.7 kcal/mol.
The entropy of the acid dissociation, Sacid, was estimated to be 22.8 cal/mol K. Theoretical
prediction at the B3LYP/6-31  G* level of theory gives a similar value for Hacid of 338.9
kcal/mol. In the gas-phase, MTA is a stronger acid than methoxyacetic acid, although in solution,
MTA is a weaker one. (J Am Soc Mass Spectrom 2005, 16, 535–541) © 2005 American Society for
Mass SpectrometryMethylthioacetic acid (MTA), CH3SCH2CO2H, isan important sulfur-containing compound in-volved in a variety of chemical and biological
reactions. MTA has been used as a unique reagent in the
synthesis of sulfur containing ketones [1, 2], and as a
model to study electron-transfer reactions in substituted
alkyl sulfides [3]. A recent study of natural food flavors
found that MTA is one of the biotransformation products
of the cysteine-aldehyde conjugate by baker’s yeast [4].
MTA has a similar structure as that of methoxyacetic acid,
CH3OCH2CO2H. Both methoxyacetic acid and MTA have
been used to study solvent and substituent effects on the
acidity of substituted acetic acids [5, 6]. In aqueous solution,
MTA (pKa 3.7) is a slightly weaker acid than methoxyace-
tic acid (pKa 3.5) [6]. In the gas-phase, methoxyacetic acid
has an acidity (Hacid) of 341.9 kcal/mol [7, 8], while the
acidity of MTA is unknown. In this paper, we report on
the first determination of the gas-phase acidity of MTA by
using the Cooks’ kinetic method [9, 10] and theoretical
calculations.
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The gas-phase acidity (Hacid) of MTA was determined
by using the extended Cooks’ kinetic method in which
entropy effects were taken into consideration [11–13].
Selected applications of using the extended kinetic
method to determine thermochemical quantities can be
found in the current literature [14–19]. Briefly, a series
of proton-bound dimers ([A·H·Ai]
) of deprotonated
MTA (HA) with a set of conjugate bases of reference
acids (HAi) were generated in the mass spectrometer.
The reference acids all have known gas-phase acidities.
Each proton-bound dimer was activated by collisions
with argon atoms and underwent competitive unimo-
lecular dissociations to produce two ionic products, A
and Ai
, with rate constants of k and ki, respectively,
Scheme 1.
With the assumption that there are no reverse acti-
vation barriers for both dissociation channels, the nat-
ural logarithm of the ratio of the rate constants can be
expressed by eq 1, where R is the ideal gas constant, Teff
is the effective temperature of the activated dimer ion,
and H and Hi are the gas-phase acidities of MTA and
the reference acid, respectively. Although there are
different explanations of the concept of the effective
temperature [20–24], the conventional view is that the
Scheme 1observed branching ratio of the product ions corre-
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with a Boltzmann distribution for the internal energy
with the temperature at Teff [10, 25]. The term (S) is
the difference of the activation entropies between the
two competing dissociation channels. The ratio of the
rate constants (k/ki) can be assumed to be equal to the
ratio of the intensities of the product ions ([A]/[Ai
]),
if secondary fragmentation is negligible. In order to
have a proper statistical treatment of the uncertainty in
the data analysis, the average gas-phase acidity of the
reference acids, Havg, was introduced and eq 1 was
converted to eq 2, where ln([A]/[Ai
]) has a linear
relationship with Hi – Havg [26]. For deriving H, the
proton-bound dimers will be activated at several differ-
ent collision energies and the values of [A]/[Ai
] will
be measured at each collision energy. Two thermo-
kinetic graphs can be generated from eq 2. The first
graph consists of linear plots of ln([A]/[Ai
]) versus
Hi – Havg with 1/RTeff as the slope and –[(H –
Havg)/RTeff – (S)/R] as the intercept. The second
graph is the plot of [(H – Havg)/RTeff – (S)/R]
obtained from the first graph versus -1/RTeff and a
Van’t Hoff-like plot can be generated with a slope of H
– Havg and an intercept of -–(S)/R. If the two
competing channels have a similar entropy at their
transition states, then the (S) term is negligible and
this leads to the validation of the standard kinetic
method, eqs 3 and 4, where G and Gi are the
gas-phase deprotonation free energies of MTA and the
reference acid [9, 27, 28]. In this case, the values of H
and G can simply be determined as the ratios of the
negative intercepts to the slopes from eq 3 and 4,
respectively. The cancellation of the entropy term re-
quires that the two components of the proton-bound
dimer are similar in structure.
In(k ⁄ ki)Hi ⁄RTeff [H ⁄RTeff(S) ⁄R] (1)
In([A] ⁄ [Ai
]) (HiHavg) ⁄RTeff
 [(HHavg) ⁄RTeff(S) ⁄R] (2)
In([A] ⁄ [Ai
])Hi ⁄RTeffH ⁄RTeff (3)
In([A] ⁄ [Ai
])Gi ⁄RTeffG ⁄RTeff (4)
The experiments were carried out using a triple quad-
rupole mass spectrometer (Varian 1200L) located in the
Mass Spectrometry Center of the Chemistry Department
at the University of the Pacific. The instrument consists of
a near horizontal electrospray ionization (ESI) source with
the nitrogen drying gas flowing through a capillary, a
hexapole ion guide with a pressure of about 1 mTorr and
a triple quadrupole mass analyzer with a curved collision
chamber. Ions generated in the ESI source are presumably
thermalized by multiple collisions with the bath gas
molecules in the ion guide chamber. The voltage of the ESI
needle was set at4.5 kV and the drying gas temperature
was set at 150 °C. The first important step for carrying outthe acidity measurement was to generate stable proton-
bound dimer ions of deprotonated MTA with the conju-
gate bases of selected reference acids. Each proton-bound
dimer was formed by an infusion of a solution of metha-
nol and water (50:50, vol/vol) containing a mixture of
MTA and a reference acid (105–104 M) into the ESI
(negative mode) chamber at a flow rate of 10–20 L/min.
The signal of the dimer was optimized by adjusting the
instrument conditions, especially the capillary voltage. In
most cases the capillary voltage was set at around 20 V.
The dimer ion was isolated with the first quadrupole and
was subjected to collision-induced dissociation (CID) in
the collision chamber with argon as the collision gas (0.50
 0.03 mTorr). The dissociation product ions were ana-
lyzed by the third quadrupole. In order to examine the
possible secondary fragmentations, a CID spectrum with a
wider range of m/z values was taken for each proton-
bound dimer at several collision energies and no second-
ary fragments were observed. The CID product ion inten-
sities were measured by setting the instrument in a single
reaction monitoring (SRM) mode in which the scan was
focused on the selected product ions. Multiple measure-
ments were performed at different days. The results were
repeatable with a relative uncertainty within 5%. For
each proton-bound dimer, the CID experiment was car-
ried out at four different collision energies, 1.0, 1.5, 2.0, and
2.5 eV, in the center-of-mass frame (Ecm). The center-of-
mass energy was calculated using the equation: Ecm 
Elab[m/(Mm)], where Elab is the collision energy in
laboratory frame, m is the mass of argon and M is the
mass of the proton-bound dimer ion.
All chemicals were purchased from Aldrich Chemi-
cal Co. (Milwaukee, WI) and were used without further
purification.
Theoretical calculations were carried out using the
Gaussian 98 suite of programs [29]. The hybrid density
functional theory at the B3LYP/6-31  G* level was
employed to calculate the geometries and the vibrational
frequencies. Thermochemical quantities (the sum of the
electronic enthalpies at 298 K) were obtained from the
frequency calculations and no scaling was applied to the
calculated frequencies. Theoretical gas-phase acidities
were derived using an isodesmic reaction (eq 5) with
methoxyacetic acid, CH3OCH2CO2H, serving as the refer-
ence standard.
HACH3OCH2CO2
→ACH3OCH2CO2H (5)
Results
Four structurally similar organic acids (HAi) with known
gas-phase acidities were selected as the references:
CH3OCH2CO2H, CH3NHCH2CO2H, CH3ClCHCO2H,
and CH3BrCHCO2H. These molecules are simple carbox-
ylic acids with different hetero-atoms attached to the
-carbon of the carboxyl group. The gas-phase acidities of
the references are in the range of 342-337 kcal/mol [7, 8,
30], from the least acidic (CH3OCH2CO2H) to the most
acidic (CH3BrCHCO2H), Table 1. The proton-bound
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) of deprotonated MTA (HA) with the
conjugate bases of the reference acids were generated by
electrospray ionization. Each of the dimers (containing the
32S isotope) was activated by collision-induced-dissocia-
tion (CID) in the collision chamber of the mass spectrom-
eter, and two competing dissociation product ions were
produced, CH3SCH2CO2
 (A) and the deprotonated ref-
erence acid (Ai
). Two of the CID spectra are shown in
Figure 1. Figure 1a shows the spectrum for the dissocia-
tion of [CH3SCH2CO2·H·CH3NHCH2CO2]
, and Figure
1b shows the dissociation of [CH3SCH2CO2·H·CH3
ClCHCO2]
. In Figure 1a, the intensity of CH3SCH2CO2

is about fifteen times of that of the reference,
CH3NHCH2CO2
 , while in Figure 1b, the intensity of
CH3SCH2CO2
 is about one fifteenth of that of the refer-
ence, CH3ClCHCO2
 .
For each proton-bound dimer, the ratio of the CID
product ion intensities, [A]/[Ai
], was measured at four
different collision energies (Ecm): 1.0, 1.5, 2.0, and 2.5 eV.
The results are summarized in Table 2. The uncertainty of
the data was within 5%. The ratios are converted to the
Table 1. Thermochemical quantities for the reference acids
Reference acid
Hacid, expt
a
(kcal/mol)

CH3OCH2CO2H 341.9  2.1
CH3NHCH2CO2H 341.5  2.1
CH3ClCHCO2H 337.0  2.1
CH3BrCHCO2H 336.8  2.1
aObtained from the NIST Chemistry Webbook.7,8,30
bCalculations carried out in this work.
cDerived from Hacid and Gacid.
Figure 1. CID spectra of [CH3SCH2CO2·H·CH3NHCH2CO2]

(a), and [CH SCH CO ·H·CH ClCHCO ] (b). The label [S·H·N]3 2 2 3 2
and [S·H·Cl] represent the two dimer ions.logarithms, ln([A]/[Ai
]), and are plotted as a function of
collision energy, Figure 2. The data points for both the
proton-bound dimers with CH3OCH2CO2H and
CH3NHCH2CO2H are above zero (the center line) and
approach zero as the collision energy is increased. On the
other hand, the data points for the proton-bound dimers
with CH3ClCHCO2H and CH3BrCHCO2H are below zero
and also approach zero at higher collision energies.
In order to determine the gas-phase acidity of MTA
(Hacid) using the extended kinetic method (eq 2), two
thermo-kinetic graphs were generated. The first one
was the plots of the logarithms of the CID product ion
ratios, ln([A]/[Ai
]), against corresponding Hi –
Havg, where Havg (339.3  1.7 kcal/mol) was the
average gas-phase acidity of the four reference acids.
The uncertainty of the average acidity was calculated as
the root sum square of the random and systematic
errors. The random error was treated as the averaged
uncertainty of the reference acids (2.1) divided by the
square root of the number of the reference acids,
(2.1/4)  1.0 kcal/mol, and the systematic error was
assigned as 2.1  1.4 kcal/mol. The root sum square
of the random and systematic errors yielded (1.02 
1.42)  1.7 kcal/mol. The data measured at the same
collision energy were fit by a weighted linear regression
with 95% confidence level (CL), and four linear plots
were generated, Figure 3. These lines have different
slopes and intercepts, and cross at a single point. The
slope of each line corresponds to 1/RTeff and the
intercept corresponds to [(H – Havg)/RTeff –
(S)/R] at that particular collision energy. The values
of the slopes and the intercepts along with the Teff
derived from the slopes are summarized in Table 3. The
second thermo-kinetic graph was generated by plotting
the values of [(H – Havg)/RTeff – (S)/R] obtained
from the first graph against the corresponding 1/
RTeff, Figure 4. Linear regression (95% CL) of the data
gives a straight line with a slope of 0.73  0.02 and an
intercept of 0.43  0.03. The slope of this line corre-
sponds to H – Havg, and the intercept corresponds to
(S)/R. Combined with the value of Havg (339.3 
1.7 kcal/mol), the value of H (corresponding to Hacid
of MTA) was determined to be 340.0  1.7 kcal/mol.
The average entropy difference, (S), was determined
to be 0.8 cal/mol K, corresponding to 0.2 kcal/mol of
the entropy contribution, [T(S)], at 298 K.
, calcb
/mol)
Gacid, expt
a
(kcal/mol)
Sacid
c
(cal/mol K)
335.3  2.0 22.1
0.9 334.6  2.0 23.1
7.4 330.4  2.0 22.1
7.4 329.8  2.0 23.5Hacid
(kcal
34
33
33The entropy term, ((S)), determined from the ex-
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assume that the standard kinetic method, eqs 3 and 4, is
valid for determining the gas-phase acidity of MTA
(Hacid and Gacid) using the chosen set of reference acids.
To test this, we determined Hacid using eq 3 by plotting
ln([A]/[Ai
]) against Hi. Linear regression of the data
gives a straight line with the slope of 1/RTeff and the
intercept ofH/RTeff. The value of H is the ratio of the
negative intercept to the slope. Four linear plots were
generated from the data collected at four different colli-
sion energies and four similar values of H (339.8, 339.7,
339.9, and 339.7 kcal/mol) were obtained, with an aver-
aged value of 339.8 kcal/mol. Based on the error analysis
similar to that of the extended method, we assign 1.7
kcal/mol (the average uncertainty of the reference acids)
as the uncertainty. This gives the gas-phase acidity of
MTA (Hacid) to be 339.8  1.7 kcal/mol, which is
essentially the same as that obtained from the extended
kinetic method (340.0  1.7 kcal/mol).
Using the similar approach, we determined the free
energy of deprotonation (Gacid) of MTA using eq 4.
The plot of ln([A]/[Ai
]) versus Gi (the gas-phase
acidity of the reference acids) gives a straight line with
the slope of 1/RTeff and the intercept ofG/RTeff. The
value of G was the ratio of the negative intercept to the
slope. Four linear plots associated with the four colli-
sion energies are shown in Figure 5. Four values of G
(333.3, 333.2, 332.9 and 332.8 kcal/mol) were obtained
and the average value was 333.0 kcal/mol. We assign
1.7 kcal/mol (the average uncertainty of the reference
acids) as the uncertainty and the free energy of depro-
tonation for MTA (Gacid) was determined to be 333.0
1.7 kcal/mol. With the enthalpy and the free energy for
MTA available (determined from the standard kinetic
method), we estimated the entropy of acidity of MTA
(Sacid) using the thermochemical relationship: Sacid
(Hacid – Gacid)/RT, where T  298 K. A value of 22.8
kal/mol K was obtained (we did not assign an uncer-
tainty to this value).
The structures and the thermochemical properties
(sum of the electronic enthalpies at 298 K) of MTA and the
reference acids were calculated using the density function
theory at the B3LYP/6-31  G* level. The reference acids
all have the similar structures with each other and also
have the structures similar to that of MTA. In particular,
MTA resembles CH3OCH2CO2H in both the neutral and
the deprotonated forms. Theoretical predictions of the
gas-phase acidity of MTA were calculated using the
isodesmic reaction with CH3OCH2CO2H (eq 5) as the
Table 2. Product ion ratios ([A]/[Ai
]) of dissociation of proto
(with 5% of uncertainty)
Reference acid 1.0 eV
CH3OCH2CO2H 13.35
CH3NHCH2CO2H 14.66
CH3ClCHCO2H 0.06
CH3BrCHCO2H 0.01reference standard. In order to test the computationalmethod, we calculated the gas-phase acidities of the
references acids and the results are summarized in Table
1. The calculated acidities for the reference acids agree
well with the experimental values obtained from litera-
ture. Using the same procedure, we calculated the acidity
of MTA to be 338.9 kcal/mol. For comparison, we also
calculated the gas-phase acidities of C6H5OCH2CO2H and
C6H5SCH2CO2H at the same level of theory and the
values obtained were 338.6 and 335.7 kcal/mol, respec-
tively.
Discussion
The gas-phase acidity of MTA was determined by using
the Cooks’ kinetic method with the consideration of the
entropy effect. The value of Hacid was determined to be
340.0  1.7 kcal/mol by using the extended kinetic
method. Standard kinetic method yielded 339.8 1.7 and
333.0  1.7 kcal/mol for the values of Hacid and Gacid,
respectively. The entropy of the acid dissociation, Sacid,
was estimated to be 22.8 cal/mol K.
One major concern involved in the kinetic method is
the entropic effect [10, 20–23, 31]. For dissociation of a
proton-bound dimer, the observed branching ratio does
not only depend on the relative acidity of the pair of acids
that form the dimer, but also on the density of states at the
transition states of the two dissociation channels [23, 32].
The density of states corresponds to the entropy of acti-
vation [22]. The two dissociation channels can be viewed
as two competing proton transfer reactions (Scheme 1).
Figure 2. Plots of ln([A]/[Ai
]) versus Ecm for Ai
 of
CH3NHCH2COA2
 (filled diamond), CH3OCH2CO2
 (filled trian-
gle), CH ClCHCO (filled square) and CH BrCHCO (filled
nd dimers at four different centre-of-mass collision energies
.5 eV 2.0 eV 2.5 eV
10.62 8.32 6.52
12.34 9.42 8.54
0.07 0.10 0.12
0.02 0.04 0.05n-bou
13 2 3 2
circle).
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the structures of the two components of the proton-bound
dimer, AH versus HAi and A
 versus Ai
. Similar struc-
tures would have similar activation entropies. The refer-
ence acids used in this study are simple carboxylic acids
with different heteroatoms attached to the -carbon next
to the carboxyl group. Theoretical calculations perform at
the B3LYP/6-31G* level show that the structures of the
neutral reference acids and MTA are similar to each other,
and no significant structure change upon deprotonation
occurs. In particular, the structure of MTA resembles that
of CH3OCH2CO2H. For the series of proton-bound dimers
used for this study, the entropy difference between the
two dissociation channels is expected to be small. In fact,
the average entropy difference derived from the extended
kinetic method is 0.8 cal/mol K, corresponding to 0.2
kcal/mol of energy (T(S)) at 298 K. Recent experimen-
tal and theoretical studies show that the derived relative
entropies from the extended kinetic method were system-
atically underestimated by 20–40% [33–36]. If we consider
a 30% error in the derived relative entropy, the value of
(S) would be 1.1 cal/mol K, or about 0.3 kcal/mol of
entropy contribution. This means that if the entropic term
were ignored, then the measured acidity would be off by
0.3 kcal/mol. Indeed, the Hacid value determined using
the standard kinetic method is 0.2 kcal/mol lower than
that obtained from the extended kinetic method. Com-
pared to the uncertainty assigned to the measured acidity,
the entropic contribution in this case is insignificant.
The similarity in the activation entropy of the two
dissociation channels is also reflected in the plot of
ln(k/ki) versus Ecm. According to eq 1, the value of
ln(k/ki) is inversely proportional to Teff. If (S) is
zero, then the absolute value of ln(k/ki) would be
smaller as Teff is increased. The effective temperature
(Teff) is a measure of the internal energy of the
proton-bound dimer and has a positive dependence
on the collision energy. A higher collision energy
Figure 3. Plots of ln([A]/[Ai
]) versus Hi – Havg at four
collision energies: 1.0 eV (long dashes), R2  0.98; 1.5 eV (short
dashes), R2  0.98; 2.0 eV (dash dot dash), R2  0.98 and 2.5 eV
(dots), R2  0.98.corresponds to a higher Teff [20, 31]. In Figure 2, thelogarithms of the product ion ratios (corresponding
to ln(k/ki)) for all of the proton-bound dimers ap-
proach zero as the collision energy is increased,
indicating that the term (S) is negligible. This
result agrees with the studies by Fenselau and co-
workers [11]. Note in Figure 2 that the line with
CH3NHCH2CO2H is above that of CH3OCH2CO2H,
suggesting that the relative deprotonation energy of
CH3OCH2CO2H is smaller than that of
CH3NHCH2CO2H. We performed CID experiments
on the proton-bound dimer, [CH3OCH2CO2·
H·CH3NHCH2CO2]
, at several collision energies. In
deed the peak of CH3OCH2CO2
 was slightly (5%)
higher than that for CH3NHCH2CO2
.
The Hacid of MTA was determined to be 340.0
kcal/mol. MTA has the acidity between that of
CH3NHCH2CO2H (341.5 kcal/mol) [30] and
CH3ClCHCO2H (337.0 kcal/mol) [8]. The relative
acidity of MTA compared to the two reference acids can
easily be seen in Figure 1. Dissociation of [CH3SCH2CO2·
H·CH3NHCH2CO2]
 produces more CH3SCH2CO2

than CH3NHCH2CO2
 (Figure 1a), suggesting that
CH3SCH2CO2H is a stronger acid than
CH3NHCH2CO2H. While dissociation of [CH3SCH2CO2·
H·CH3ClCHCO2]
 yields more CH3ClCHCO2
 than
CH3SCH2CO2
 (Figure 1b), indicating that
CH3SCH2CO2H is a weaker acid than CH3ClCHCO2H.
We also compared the relative acidity of MTA with an
additional carboxylic acid, ClCH2CH2CO2H (340.8 
2.7 kcal/mol) [8]. The CID spectrum (not shown) of
[CH3SCH2CO2·H·ClCH2CHCO2]
 shows that the peak
corresponds to CH3SCH2CO2
 is about one forth of that
of ClCH2CHCO2
 , suggesting that MTA is a weaker
acid than ClCH2CH2CO2H. Since the literature value of
the gas-phase acidity of ClCH2CH2CO2H has a rela-
tively larger uncertainty (2.7 kcal/mol), we did not
include this molecule as a reference in the data analysis.
This study shows that MTA and CH3OCH2CO2H have
an inverted order of acidity in the gas-phase compared to
that in solution. In aqueous solution, the pKa values for
Figure 4. Plot of (HH )/RT (S)/R versus1/RT ,avg eff eff
R2  0.99.
Ha
540 REN AND PATEL J Am Soc Mass Spectrom 2005, 16, 535–541CH3OCH2CO2H and CH3SCH2CO2H are 3.5 and 3.7, and
in dimethoxyethane (DME) the pKa values are 8.3 and 8.8,
respectively [6]. Ionization leads to the conjugate bases:
CH3SCH2CO2
 and CH3OCH2CO2
 . In solution, the con-
jugate bases are stabilized by the interaction with the bulk
solvent. The slightly greater acidity of methoxyacetic acid
in solution is mainly because of the stronger electron
withdrawing effect (inductive effect) of the CH3O group
that would assist the acid ionization. While in the gas-
phase, the solvent effect is absent. The stability of the
charged conjugate base becomes a dominate factor in
determining the acidity of the molecule [5, 37–39]. In
general, higher polarizable groups have higher capabili-
ties in stabilizing charges [37, 38]. Sulfur is larger and
more polarizable than oxygen. The negative charge in
CH3SCH2CO2
 would be stabilized more than that in
CH3OCH2CO2
 . Therefore MTA would be a stronger acid
than methoxyacetic acid in the gas-phase. In addition, the
possible intramolecular hydrogen bond between the car-
boxyl group and the methoxy oxygen would increase the
deprotonation energy (or decrease the gas-phase acidity)
of CH3OCH2CO2H. The reversed acidity order was also
found between C6H5OCH2CO2H and C6H5SCH2CO2H.
Our calculations show that C6H5SCH2CO2H (Hacid 
335.7 kcal/mol) is a stronger gas-phase acid than
C6H5OCH2CO2H (Hacid  338.6 kcal/mol). While in
DME, C6H5OCH2CO2H (pKa 8.3) is a stronger acid than
C6H5SCH2CO2H (pKa  8.6) [6]. Similar to the above
Figure 5. Plots of ln([A]/[Ai
]) versus Gi at four collision
energies: 1.0 eV (long dashes), R2  0.98; 1.5 eV (short dashes), R2
 0.98; 2.0 eV (dash dot dash), R2  0.98 and 2.5 eV (dots), R2 
Table 3. Slopes and intercepts obtained from weighted linear re
95% conference level
Ecm, eV (1/RTeff)
a
1.0 1.33  0.14
1.5 1.21  0.12
2.0 1.06  0.10
2.5 0.95  0.09
aSlope of eq 2.
bNegative intercept of eq 2. The relatively larger uncertainties in [(H 0.98.analysis, both the less polarizable oxygen and the possible
intromolecular hydrogen bond are responsible for the
lower gas-phase acidity of C6H5OCH2CO2H.
Since the entropy term is insignificant in this case,
the free energy of deprotonation (Gacid) can be deter-
mined using the standard kinetic method (eq 4). The
value of 333.0 kcal/mol determined for MTA is smaller
than that of CH3NHCH2CO2H (Gacid  334.6 kcal/
mol) and greater than that of CH3ClCHCO2H (Gacid 
330.4 kcal/mol), in agreement with the acidity scale of
Hacid for these molecules. The entropy of deprotona-
tion for MTA (Sacid  22.8 cal/mol K) derived from
the values of Hacid and Gacid is comparable to that of
the structure similar CH3OCH2CO2H (22.1 cal/mol K).
Theoretical predictions of the gas-phase acidity were
calculated at the B3LYP/6-31  G* level using the
isodesmic reaction with CH3OCH2CO2H as the reference
standard (eq 5). The computational method was tested by
calculating the gas-phase acidities of the reference acids.
The results listed in Table 2 show good agreements
between the theoretical predictions and the experimental
literature values. The same computational method pre-
dicted the gas-phase acidity of MTA to be 338.9 kcal/mol,
in good agreement with the measured acidity of 340.0 
1.7 kcal/mol.
Conclusions
We determined the gas-phase acidity (Hacid  340.0 
1.7 kcal/mol) of MTA using the extended as well as the
standard Cooks’ kinetic method. The entropic contribu-
tion is insignificant in this case and can be ignored. We
also determined the free energy of deprotonation (Gacid
 333.0  1.7 kcal/mol) of MTA using the standard
kinetic method. The entropy of deprotonation (Sacid 
22.8 cal/mol K) of MTA was derived from the values of
Hacid and Gacid. On the gas-phase acidity scale, MTA
has a stronger acidity than that of CH3NHCH2CO2H and
a weaker one than that of CH3ClCHCO2H. The entropy of
deprotonation of MTA is similar to that of
CH3OCH2CO2H. Although in solution MTA is a weaker
acid than CH3OCH2CO2H, in the gas-phase MTA is a
stronger one.
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